In this paper, the synchronous control problem of photovoltaic grid-connected inverter with nonlinear impulse perturbation is studied. The mathematical model of photovoltaic grid-connected converter is established by using Kirchhoff's law. The nonlinear impulse perturbation characteristics of grid-connected current are studied and analyzed. Controllers are designed to suppress nonlinear impulse perturbation. The effectiveness of the controller is verified by Lyapunov stability theory. Finally, the simulation design is carried out by simulink in Matlab and the test platform is constructed. In this paper, simulation verification and data comparison are carried out by using various control methods for suppressing nonlinear impulse perturbation of grid-connected currents. Compared with PI controller, PR controller and other controller, the output harmonic content of photovoltaic inverter can be controlled within 1%, which can effectively reduce the harmonic content. The power quality of grid-connected current is improved. The feasibility and effectiveness of the control strategy proposed are verified by simulation and experiments.
I. INTRODUCTION
Energy shortage is a major problem in the world, so it is of great significance to study and develop renewable energy power generation system. Solar energy, as a kind of green energy, has been developed rapidly in the field of renewable energy. With the increasing proportion of photovoltaic power generation capacity in the whole power system, more and more attention has been paid to the influence of the power quality of photovoltaic power generation system on power grid [1] - [3] .
The harmonic of power-grid comes from three aspects: the quality of power supply is not high to produce harmonics, the power transmission and distribution system produces harmonics, and the harmonics generated by electrical equipment. Due to the three-phase winding in the manufacture The associate editor coordinating the review of this manuscript and approving it for publication was Ahmad Elkhateb .
of the generator is difficult to achieve absolute symmetry, the iron core is also difficult to achieve absolute uniformity and some other reasons, the power supply will also produce some harmonics, but generally few. In the power transmission and distribution system, the power transformer mainly produces harmonics. Due to the saturation of the transformer core and the nonlinearity of the magnetization curve, and considering the economy in the design of the transformer, the working magnetic density is selected in the near saturation section of the magnetization curve. In this way, the magnetized current is a spike waveform, so it contains odd harmonics. The wide application of power electronic devices has caused a lot of harmonics to power-grid. For example, the continuous turn on or turn off of power electronic devices in grid-connected inverters of photovoltaic power generation system has a sudden impact on the current. The power-grid harmonic affects the grid-connected control of photovoltaic inverter. VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
The most commonly used grid-connected current control method of photovoltaic inverter is PI control based on synchronous rotating coordinate system. The algorithm is simple, but the disturbance rejection ability is limited, and the dynamic response speed is slow. When the power network is distorted, additional control algorithms need to be added [4] . On the basis of PI control in rotating coordinate system, a PR(proportional resonant) control method based on static coordinate system is proposed in reference [5] . The algorithm can realize no-error control of power frequency and individual AC harmonic. However, the ability to suppress other harmonics is poor, and the algorithm is relatively complex. In reference [6] , the hysteretic control is adopted. The current tracking accuracy is high and the dynamic response is fast, but the switching frequency of the algorithm is not fixed, which makes it difficult to design the filter parameters. In reference [7] , repetitive control is used to track periodic signals without static error, but the dynamic performance of the algorithm is poor. In reference [8] , [9] , the deadbeat control is adopted, which has the advantages of fast response speed and high control precision, but it needs coordinate transformation.
When the photovoltaic inverter is running, the IGBT devices switch quickly and continuously, and the current state suddenly changes or the current step changes. Compared with the whole current process, the duration of these rapid sudden changes is very short, which can be regarded as instantaneous occurrence. This instantaneous abrupt change phenomenon can be described by pulse. And the nonlinear impulse perturbation current, also known as harmonic current, which is a case of harmonic current. The nonlinear impulse perturbation current is common in photovoltaic power generation. Some scholars have studied the influence of nonlinear impulse disturbance on the life of power electronic devices or generator insulation system and the health of grid-connected current in the process of inverter or generator grid-connected [11] . And some scholars have put forward some corresponding control methods [11] - [14] . Based on the detailed analysis of the harmonic mathematical model of grid-side converters, a cross-coupling control strategy for suppressing grid-connected low harmonics current component is proposed in reference [10] . In reference [11] , for the pulse problem in nonlinear circuit systems, The idea of modeling is put forward and the corresponding controller is designed. In reference [12] , the application of nonlinear factors in power system is introduced according to the characteristics of power system, and the basis principles of various nonlinear power system control technologies is described in detail. The above control methods are to solve the harmonic disturbance control problem from the practical point of view of engineering, but little has been done in theory.
In this paper, the reason of current impulse is analyzed by taking photovoltaic inverter as an example. A feedback synchronization controller is designed based on nonlinear impulse perturbation theory, and the effectiveness of the synchronization controller is verified by Lyapunov stability theory. A current impulse perturbation control algorithm is given to suppress the harmonic current into the power grid, and to ensure that the output current of the photovoltaic inverter can be synchronized with the power grid voltage. Compared with PI controller and PR controller, the output harmonic content of photovoltaic inverter can be effectively reduced and the power quality can be improved. Finally, the feasibility and effectiveness of the control strategy proposed in this paper are verified by simulation and experiments.
II. PHOTOVOLTAIC INVERTER MODEL
Photovoltaic grid-connected inverter mainly converts DC current into sinusoidal current which meets the requirements of power grid. The conversion process is completed by turn-on or turn-off of IGBT devices. S ap and S bn switches in Fig.1 are closed, and other switches remain open, A-phase and B-phase current form a closed loop. S ap and S bn switches turn off when A-phase current reaches natural commutation point (the intersection of A-phase current and B-phase current). At the same time, S bp and S cn switches turn on, and other switches remain close, B-phase and C-phase current form a closed loop. When B-phase current reaches the natural commutation point, S bp and S cn switches turn off, S cp and S an switches turn on, and other switches turn off, C-phase and A-phase current form a closed loop current. When C-phase current reaches the natural commutation point, S cp and S an switches turn off. By repeating above process, DC current generated by photovoltaic can be converted into AC current. In the process of fast and continuous switching of IGBT devices, the current state will change abruptly(also known as current step). The duration of these rapid sudden changes is very short compared with the whole process of current movement, which can be considered as instantaneous. This instantaneous sudden change phenomenon can be described by pulse, in which the instantaneous sudden change is called pulse time.
In Fig.1 , u a , u b , u c is the three-phase voltage of power grid, i a , i b , i c is the three-phase current of power grid, u dc is DC-side capacitance voltage. And i dc is DC-side capacitance current. R, L are resistance and inductance of shunt reactor of grid-side converter. C is DC side capacitance and i pv is current generated by photovoltaic panels. For convenience, the concept of switching function of grid-side converter is introduced. Assuming that S m (m = a, b, c) is the switching function of the m-th phase, S m can be represented as follows:
According to the simplified model of grid-connected photovoltaic inverters in Fig.1 , the high-frequency mathematical model of grid-connected photovoltaic inverters in three-phase static coordinate system is obtained by Kirchhoff's law [15] .
Because the switching function S m (m = a, b, c) in above model contains the high frequency component in switching process, it is difficult to guide the design of the controller in this paper. Assuming that the switching frequency in this model is much higher than the fundamental frequency of power grid, in order to simplify the mathematical model, the high frequency components in the switching function can be neglected. And only the low frequency components in the switching function can be considered, thus the low frequency mathematical model described by duty cycle can be obtained. The switching function is transformed into the corresponding PWM duty cycle by Fourier transform. Its mathematical derivation principle is referred in reference [16] . The mathematical model of low frequency converter described by duty cycle is very suitable for control system analysis and can be directly used in controller design.
In order to facilitate the design of control system, the mathematical model of converter in two-phase stationary coordinate system can be obtained by converting (2) from three-phase stationary coordinate system to two-phase stationary coordinate system [17] .
In this model, u α , u β and i α , i β represent the voltage and current of α axis and β axis in two-phase static coordinate system, respectively. D a and D b are duty cycle of α axis and β axis in static coordinate system. In general, D a is equal to D b , and D j ∈ [0, 1](j = a, b) [16] .
Photovoltaic power plants are generally located in the northwest and northeast of China where solar energy is abundant, and natural conditions are relatively bad. Illumination shows strong non-linearity, non-stationarity, randomness and uncertainty, which aggravates current instability of photovoltaic power plants. With the increasing proportion of photovoltaic power in national grid, its impact on power grid will also increase. Nonlinear perturbation occurs in a large photovoltaic power plant. This kind of nonlinear perturbation will have a great impact on the whole power grid. Therefore, it is necessary to study the complex nonlinear perturbation of current in photovoltaic power generation system with appropriate methods. In this paper, the three-phase voltage source of the power grid is merged into Chua's diode [18] - [20] (as shown Fig.2 ) to simulate nonlinear perturbation of the current of power grid caused by external interference. Chua's diode will not affect the synchronous control of the photovoltaic grid-connected inverter. Fig.2 is a model of grid-side inverters with nonlinear impluse perturbation. From Fig.2 (2) is transformed from three-phase stationary coordinate system to two-phase stationary coordinate system. Combined with (3), the following mathematical models are obtained.
According to the volt-ampere relationship of Chua's diode, it is as follows:
In which I , G a , G b are typical parameters of Chua's diode. Let:
Let: m 0 = G b L , m 1 = G a L , Consider h(x 1 ) in three sections, as follows: The schematic diagram of h(i α ) is as follows.From Fig.3 , we can see that (5) varies nonlinearly in different regions of x 1 . 
III. ANALYSIS OF NONLINEAR IMPULSE PERTURBATION AND CONTROLLER DESIGN
IGBT devices in grid-connected inverter turn on or turn off continuously, which causes impulse to the current. in order to make the grid-connected current smooth, the impulse control is introduced. For easy derivation, let x 1 = i α , y 1 = i β , z 1 = u dc . The mathematical model of grid-connected inverter in two-phase static coordinate system is summarized as follows:
Equation (8) is a mathematical model of AC current without impulse perturbation, which is used as a drive system, x 1 , y 1 , z 1 is the reference value of the controller input. In order to obtain synchronization, the response system model with nonlinear impluse perturbation is constructed as follows:
In which x 2 , y 2 , z 2 is actual measured value of photovoltaic power generation system. u c = u c1 u c2 u c3 T is a synchronous controller. Equation (8) is the drive system and Equation (9) is the response system. the circuit structure of two systems is different, so the structure compensator u s = u s1 u s2 u s3 T is added to ensure that the circuit structure of the two systems is the same.
B. CONTROLLER DESIGN
In order to ensure the synchronization between response system (9) and drive system (8), the error variables are defined for the drive system (8) and the response system (9):
According to (9) , the whole controller u t_c is composed of synchronous controller u c and compensator u s , as follows:
The response system (9) and the drive system (8) are synchronized under the whole controller u t_c . And the synchronous controller u c is as follows:
In which k p 1 , k p 2 , k p 3 is proportional control gain coefficient.
There is a capacitance on the DC side of the photovoltaic inverter, which can eliminate the disturbance, so the pulse disturbance of the capacitor voltage can be ignored. The compensator does not compensate the capacitor voltage, but only the output current of the inverter. The compensator is as follows.
Use (9) and (8) to make a difference, and bring (13) into equation, then the error system model can be obtained:
Under the control of controller, if e 1 = 0, e 2 = 0, e 3 = 0, then the response system (9) with nonlinear impulse perturbation will approach the unperturbed drive system (8) , that is, the nonlinear impulse peturbation will be suppressed effectively.
Taking Lyapunov function V = (e 2 1 + e 2 2 + e 2 3 ) 2, and knowing from reference [21] - [22] that nonlinear function h(x 1 ) satisfies local Lipschitz condition, there are:
According to the lagrange mean value theorem:
Substituting (16) into (15), we can obtain:
2 (e 2 2 + e 2 3 ) + l 2 e 2 2 − u c2 e 2 − fe 2 3 − u c3 e 3 (17) Substituting (12) into (17), we can obtain:
Let λ is as follows:
According to (18) and (19), we can obtain:
According to (20) ,V V ≤ −λ is obtained. Integrating two sides of the inequality from 0 → t, V (t) ≤ e −λt can be obtained. When t → ∞,V (t) is 0, so e 1 → 0, e 2 → 0, e 3 → 0. The response system (9) and the drive system (8) are synchronized, that is, the nonlinear impulse peturbation will be suppressed.
In summary, l 1 , l 2 is the specific value, and a, b, c, d, f , g as follows:
Based on the above derivation, the values of controller k p 1 , k p 2 , k p 3 , k i 1 , k i 2 , k i 3 can be obtained.
PI control is the most commonly used control method for photovoltaic grid-connected inverter to track the power-grid current, but its ability to suppress low-order harmonics is weak. The above derivation and verification process can be concluded that the whole controller u t_c is composed of PI controller u c and a feedforward compensator u s , which is used to compensate the nonlinear power-grid voltage perturbation, as shown in (13) . In this paper, an additional compensation mechanism is added to improve the performance of the grid-connected current. The combined control method can reduce the steady-state error of the system and has good robustness. The logic block diagram of the controller can be obtained from (12) , (13) , (14) , (19) and (29) . Fig.4 is a Block diagram of current impulsive perturbation control model for grid-connected inverters.
As can be seen from Fig.4 , the three phase grid-connected current is transformed by clarke to get the currents of α/β coordinate system, and the three phase power-grid voltage is transformed by clarke to get the voltage of α/β coordinate system. u * dc is the reference value of DC circuit voltage. According to (14) , the error value is obtained by subtracting the reference value u * dc from the actual value u dc (or u dc − i pv C in β axis), and the current reference value i * α /i * β in α/β coordinate system can be obtained through the voltage PI controller. The voltage PI controller mainly keeps DC voltage u dc constant and has good dynamic response by controlling current i α and i β , as shown in the third item of (14) . And the error value is obtained by subtracting the reference value i * α /i * β from the actual value i α /i β , and the reference voltage control value u * ctr_α /u * ctr_β can be obtained through the current PI controller. The current PI controller mainly controls the output current, as shown in the first and second items of (14) . The actual voltage control value u ctrl_α /u ctrl_β is that the reference voltage control value u * ctr_α /u * ctr_β plus compensation value u s 1 /u s 2 . Compensation control is mainly used to suppress low-order harmonics and improve the performance of grid-connected current. The actual voltage control value u ctrl_α /u ctrl_β is transformed to three phase control voltage vaule u ctrl_a /u ctrl_b /u ctrl_c of abc coordinate system by inverse Clarke transformation. The three phase control voltage vaules are sent to the SPWM block as a modulation wave to generate six-channel logic signal of driving IGB switch.
IV. SIMULATION AND EXPERIMENTAL VERIFICATION A. SIMULATION VERIFICATION 1) SIMULATION VERIFICATION WITH PROPOSED CONTROLLER
In order to verify the correctness and effectiveness of the proposed control strategy for suppressing nonlinear current perturbation of grid-connected converter, a simulation model of photovoltaic grid-connected power generation system is built in Matlab/Simulink software, and the simulation research and analysis are carried out. The simulation model parameters are as follows. The inlet reactor resistance R is 0.52 , the inlet reactor inductance L is 10mH, the DC side capacitance C is 2200µF, the DC side voltage is 400V, the switching frequency is 10kHz, Duty cycle is 0.2. The parameter l 1 equals l 2 , which is 0.002. The specific values of a, b, c, d, f , g can be calculated, and the value of control perturbation of the controller u c 1 , u c 2 , u c 3 can be calculated. Fig.5 shows AC current waveform with nonlinear impulse perturbation. The continuous turn on or turn off of IGBT devices in grid-connected inverters has a sudden impact on the current. Fig.6 is comparison of A phase standard reference sinusoidal current and regulated nonlinear impluse perturbation AC current. From Fig.6 , it can be seen that the AC waveform obtained by the proposed controller after the sinusoidal current is disturbed by a nonlinear impluse perturbation is exactly the same as amplitude and phase angle of standard reference sinusoidal current. Fig.7 is adjustment error curve. From Fig.7 , it can be seen that the error converges asymptotically to 0 under the action of proposed controller, that is, the AC current with nonlinear impulse perturbation approaches to the AC current without nonlinear impulse perturbation. It is verified that the proposed controller can effectively suppress the AC current with nonlinear impulse perturbation, Such that synchronization is achieved between AC current with nonlinear impulse perturbation and standard reference AC current. Fig.8 shows power-grid voltage and the output current of the grid-side inverter under proposed controller. It can be seen from Fig.8 that the grid-connected current waveform is smooth, the distortion at the peak value is small, and the current peak burr is reduced, and the grid-connected current waveform is better.
2) SIMULATION COMPARISON WITH PI CONTROLLER, PR CONTROLLER AND OTHER CONTROLLERS
In order to highlight the effectiveness of the proposed method for harmonic suppression, the simulation results of proposed method are compared with PI controller, PR controller and other controllers. The simulation model is built on Simulink platform, the system switching frequency is 10kHz, Under the same conditions, the simulation experiments are carried out on the PI controller, the PR controller, proposed controller and other controllers in this paper.
As shown in Fig.9 , when the PI controller is used, the total harmonic content is 4.31%, and the odd harmonic content is mainly 5th and 7th harmonics. And 5th harmonic content is 2.86% and 7th harmonic content is 1.35%. The PI controller can not effectively suppress the lower harmonics content of the grid-connected current. As shown in Fig.10 , when the PR controller is used, the 5th and 7th harmonics can be suppressed. The total harmonic content is 1.81%. The 5th harmonic content is reduced to 0.90%, and the 7th harmonic content is reduced to 0.35%. In addition, the repetitive control(RC) method based on internal model principle, PI control + proportional complex integral (PCI) control method(PI+PCI) are simulated and verified, and grid-connected current harmonic analysis is carried out. Under the RC controller, the total harmonic content is 3.38%, and 5th harmonic content is 2.06% and 7th harmonic content is 1.12%. Under the PI+PCI controller, the total harmonic content is 1.54%, and 5th harmonic content is 0.87% and 7th harmonic content is 0.59%.
Compared with the PI controller, the PR controller and other controllers, the proposed controller can effectively reduce the harmonic content. As shown in Fig.11 , when proposed controller is used, the total harmonic content is 0.86%. The 5th harmonic content is reduced to 0.58%, and the 7th harmonic content is reduced to 0.23%. The higher harmonic is lower than that of other controllers. The total harmonic content is much lower than that of other controllers. The simulation results show that the nonlinear impulse perturbation control method can effectively suppress the harmonics of grid-connected current. Table. 1 shows the comparison of grid-connected current harmonic contents under various controllers.
B. EXPERIMENTAL VERIFICATION
In order to verify the effectiveness of proposed control strategy in this paper, an experimental platform is built, as shown in Fig.12 . MDO3034 or agilent oscilloscope and FLUKE435 power analyzer were used for measurement. The core processor of the experimental platform is the TMS320F28335 DSP controller, and the working frequency of the DSP is 150 MHz. The main circuit adopts three-phase bridge topology, and the switching frequency of the system is 10 kHz, the inlet reactor inductance L is 5mH, the DC side capacitance C is 1000µF. The DC bus voltage is 320 V, and AC network side is connected to power-grid with a three-phase transformer at 1:2. Fig.13 shows the current waveform and harmonic content of A-phase grid-connected current under PI control. In Fig.13 (a), it can be seen that there are many sharp burrs in gridconnected current under PI control, the current waveform is rough and not smooth, and the distortion at the peak value is large. The data of the power analyzer is shown in Fig.13  (b) . Through the data of the power analyzer, it can be seen that current harmonic content is 5.16%, and there are large lower harmonics in grid-connected current, in which the odd harmonic content is mainly 5th and 7th harmonics. Under the same experimental conditions, the grid-connected operation of photovoltaic inverter is controlled by PR control algorithm, and the grid-connected current waveform is shown in Fig.14  (a) . Compared with PI control algorithm, it can be seen that grid-connected current is smoother under the PR control algorithm. The peak and peak distortion is small, and the burr of current peak is reduced, and the waveform of grid-connected current is better. The data of the power analyzer is shown in Fig.14 (b) , the harmonic content of the grid-connected current is 2.51%, and the total harmonic content is reduced from 5.16% to 2.51%, of which the 5th and 7th harmonic content is reduced.
Under the RC control method, the total current harmonic content is 3.17%. And the total current harmonic content is 1.68% under the PI+PCI control method. When proposed control algorithm is used, the gridconnected current waveform is shown in Fig.15 (a) . It can be seen that the grid-connected current waveform is smooth, the distortion at the peak value is small, and the current peak is greatly reduced, and the grid-connected current waveform is better. The data of the power analyzer is shown in Fig.15 (b) , the harmonic content of the grid-connected current is 0.83%. The total harmonic content is less than 1%, and the 5th and 7th harmonic content is greatly reduced.
The experimental results show that compared with PI controller and PR controller, the harmonic content of grid-connected current is greatly reduced. And the harmonic content can be controlled within 1%, which can effectively reduce the harmonic content. The power quality of grid-connected current is improved.
V. CONCLUSION
Nonlinear impulse perturbation of grid-connected current of photovoltaic inverter will have a great impact on power grid, so it is very necessary to study complex nonlinear perturbation phenomenon of photovoltaic system current. In this paper, firstly, the mathematical model of photovoltaic grid-connected converter is established by using Kirchhoff's law, then nonlinear impulse perturbation characteristics of grid-connected current are studied and analyzed. On the basis of this, nonlinear impulse perturbation controllers are designed to suppress nonlinear impulse perturbation. Based on Lyapunov stability theory, the effectiveness of synchronous controller is proved. Finally, the simulation design is carried out by simulink in Matlab and the test platform is constructed. The feasibility and effectiveness of the control strategy proposed are verified by simulation and experiments. Compared with PI controller, PR controller, and other controller, the harmonic content of grid-connected current is greatly reduced under proposed controller. And the harmonic content can be controlled within 1%, which can effectively reduce the harmonic content. The power quality of grid-connected current is improved. ZHAOYAN 
